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Rapid nondestructive assay methods for trace ﬁssile material analysis are needed in both nuclear for-
ensics and safeguards communities. To address these needs, research at the Oak Ridge National La-
boratory High Flux Isotope Reactor Neutron Activation Analysis facility has developed a generalized
nondestructive assay method to characterize materials containing ﬁssile isotopes. This method relies on
gamma-ray emissions from short-lived ﬁssion products and makes use of differences in ﬁssion product
yields to identify ﬁssile compositions of trace material samples. Although prior work has explored the
use of short-lived ﬁssion product gamma-ray measurements, the proposed method is the ﬁrst to provide
a complete characterization of isotopic identiﬁcation, mass ratios, and absolute mass determination.
Successful single ﬁssile isotope mass recoveries of less than 6% recovery bias have been conducted on
standards of 235U and 239Pu as low as 12 ng in less than 10 minutes. Additionally, mixtures of ﬁssile
isotope standards containing 235U and 239Pu have been characterized as low as 198 ng of ﬁssile mass with
less than 7% recovery bias. The generalizability of this method is illustrated by evaluating different ﬁssile
isotopes, mixtures of ﬁssile isotopes, and two different irradiation positions in the reactor. It is antici-
pated that this method will be expanded to characterize additional ﬁssile nuclides, utilize various irra-
diation facilities, and account for increasingly complex sample matrices.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Quantifying the ﬁssile content within trace amounts of nuclear
material is of signiﬁcant importance to safeguards and nuclear
forensics communities. Traditionally, measurement methods have
relied on destructive analysis (DA) measurements or passive de-
tection of gamma/neutron signatures through nondestructive as-
say (NDA). These methods are highly accurate and employed
globally as both a nuclear forensics capability and a material ac-
countability measurement. However, common DA techniques rely
on sample dissolution, a time-consuming process which can be
particularly difﬁcult for certain sample matrices. Likewise, tracer B.V. This is an open access article
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ic Access Plan (http://energy.quantities of nuclear materials prove difﬁcult to measure using
passive NDA techniques due to relatively low emission rates and
potential interference from activated materials within the sample
matrix. Additionally, the timeliness of ﬁssile material assay is of
concern for both treaty veriﬁcation and post-nuclear detonation
scenarios. Established DA methods, such as Thermal Ionization
Mass Spectrometry (TIMS) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) can effectively characterize uranium and
plutonium isotopic content, but require complete sample dis-
solution. This sample preparation requirement challenges the
timeliness goals provided by national and international agencies.
Cooley et al. report that the International Atomic Energy Agency's
Safeguards Analytical Laboratory (SAL), which utilizes these DA
methods, is capable of measuring environmental samples from a
typical enrichment facility within approximately three weeks [1].
The methods proposed herein are focused on signiﬁcantly redu-
cing this timeline.
At the Oak Ridge National Laboratory (ORNL) High Flux Isotope
Reactor (HFIR) Neutron Activation Analysis (NAA) laboratory, a
method is being developed to characterize ﬁssile materials through
short-lived ﬁssion product gamma rays, based upon differences in
characteristic yields of different parent ﬁssile species. This is done
through the combination of experimental measurement afterunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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method is intended to be generalizable to various irradiation facilities,
sample matrices, and ﬁssile compositions.2. Prior work
The method being developed at HFIR builds upon prior NDA
active interrogation research and proposes a more generalized
method of ﬁssile mass quantiﬁcation using only short-lived ﬁssion
product gamma spectroscopy. Previous work conducted by Marrs
et al. [2], Beddingﬁeld et al. [3], and Andrews et al. [4] signiﬁcantly
advanced the state of the art by incorporating increasingly accu-
rate methods of short-lived ﬁssion product gamma-ray measure-
ments and modeling. A simple comparison of the experimental
setup in these publications can be seen in Table 1.
Marrs et al. developed a study on 239Pu and 235U ﬁssion product
gamma-ray lines of interest for ﬁssile isotope identiﬁcation by
comparing published Evaluated Nuclear Data File (ENDF) ﬁssion
cross sections and yield compilations to measurements from
monoenergetic neutron beam interrogation. This study helped
guide preliminary investigations at HFIR and gave promise to in-
vestigating ﬁssion product isotopes in short decay times. The
majority of gamma lines explored in the study by Marrs et al.
exceeded the time regime of interest for the current research at
HFIR, and is therefore not used as a benchmark.
Research conducted by Beddingﬁeld et al. prompted evolu-
tionary changes to active interrogation by developing a method for
the identiﬁcation of ﬁssile species from short-lived ﬁssion product
gamma ray emissions. In Beddingﬁeld's methodology, weighting
factors are applied to correct for the difference between modeled
and measured photopeak ratios (Eqs. 1 and 2). In these calcula-
tions, theoretical photopeak ratios were determined using ENDF/
B-IV ﬁssion product yields and decay data for 235U and 239Pu (rU
and rPu). These ratios were incorporated with measured data from
interrogation of a sample (robs). A calculated 235U weighting factor
(WU) that is near 100 will show a match for 235U, while a 239Pu
weighting factor (WPu) near 100 indicates a match for 239Pu.
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In their experiments, Beddingﬁeld et al. irradiated 40 g High
Enriched Uranium (HEU) samples for 100 s using a moderated
252Cf interrogation source. Samples were decayed for 1100 s, and
subsequent high-resolution gamma spectroscopy measurements
[using a High-Purity Germanium (HPGe) detector] were conducted
over an interval of 350 s. Photopeak ratios were then calculated
with the numerator and denominators given in Table 2. Although
this method could effectively identify 235U as the parent ﬁssioningTable 1
Comparison to prior short-lived ﬁssion product gamma spectroscopy work.
Fissile mass
evaluated
Analysis time Neutron spectrum
Marrs et al. [2] 0.19–0.57 g 10–840 min 14 MeVþThermal
Beddingﬁeld et al.
[3]
40 g 26 min Moderated 252Cf
Andrews et al. [4] 1.3106–
4.3106 g
o5 min Thermal
HFIR Method 1.2108–
1.2107 g
o10 min Thermalspecies, the large biases from theoretical to observed ratios (rU to
robs) made it impossible to conduct a mass quantiﬁcation. These
biases may be due to not accounting for a number of factors, in-
cluding calculation of appropriate ﬂux-weighted cross sections,
corrections for detector intrinsic efﬁciency related to photopeak
energies, and activity changes during measurement resulting from
ﬁssion product decay. Some of the most challenging isotope ratios
were selected from the work of Beddingﬁeld et al. for bench-
marking with the more generalized method proposed in this work
(Table 2).
Andrews et al. advanced the accuracy of ﬁssion product pho-
topeak estimations signiﬁcantly by applying state of the art
modeling and simulation techniques. Irradiations of microgram
quantities of ﬁssile material were conducted at the SLOWPOKE-2
reactor at the Royal Military College of Canada with a thermal
neutron ﬂux of 2.61011 n/cm2-s. After a 60-s irradiation and 15 s
of decay, gamma spectroscopy was conducted for 180 s and com-
pared to simulations conducted using MCNP v6.1.1 (public beta)
[4]. (MCNP 6.1, used in Andrews’ work, contained many updates to
MCNP6, including updated delayed particle time bin structure.)
Although these comparisons were of 235U, 233U, and 239Pu samples,
only 235U was used for benchmarking purposes (Table 3). Through
advancements in modeling and simulation, the ratios of modeled
to measured counts exhibit higher accuracies than ﬁssion product
ratios in Beddingﬁeld's prior work.3. SCALE simulations benchmark
Irradiations and subsequent measurements were conducted at
the HFIR-NAA laboratory to benchmark a SCALE6.1 modeling and
simulation scheme to the aforementioned prior work. Within
SCALE [5], one-group cross sections and ﬁssion yields were cal-
culated from COUPLE [6] using a multi-group neutron energy
spectrum based on the irradiation positions at the HFIR-NAA la-
boratory. These collapsed cross sections were used with ORIGEN
[6] to calculate the ﬁssion, transmutation, and decay reactions
within the sample to produce calculated ﬁssion product in-
ventories. These ﬁssion product inventories were then converted,
using SCALE gamma-ray libraries, to photopeak emission rates and
then integrated over 300 linearly interpolated time intervals to
produce a gross photopeak recovery. A visual representation of
this scheme is shown in Fig. 1.
A comparison to results presented in Table 2 was made using
similar irradiation and measurement conditions at the HFIR-NAA
laboratory. This irradiation was conducted using 7 mg of natural
uranium (49.7 ng 235U) from an ICP-MS certiﬁed standard with
20 s of irradiation time in a thermal ﬂux of approximately
41014 n/cm2-s. The sample was then allowed 875 s of decay
before 600 s of measurement with a HPGe detector. Theoretical
ratios were calculated using the SCALE modeling and simulation
scheme and were compared to observed measurement ratios to
generate bias to rU and calculate the 235U and 239Pu weighting
factors (Table 4). These results exhibit a strong identiﬁcation of
235U and close the signiﬁcant gap between biases in observed to
theoretical ratios experienced in Table 2, validating the approach
proposed by Beddingﬁeld and thereby suggesting that a more
generalized approach based on short-lived ﬁssion product mea-
surements can lead to the quantiﬁcation of ﬁssile U and Pu.
Additionally, a comparison to the results in Table 3 was made
using the HFIR-NAA laboratory. This irradiationwas conducted using
the same 7-mg natural uranium sample and irradiation conditions
from the Beddingﬁeld benchmark, but was a prior 600-s measure-
ment that only had 275 s of decay. This shorter decay period more
closely represents the rapid irradiation and decay periods used by
Andrews et al. The comparison of SCALE simulations to HFIR-NAA
Table 3
Andrews et al. 235U ﬁssion product photopeak results [4].
Fission Product Photopeak En-
ergy (keV)
Ratio of MCNP6.1.1β
modeled to measured
counts
Uncertainty
140Cs 602.2 0.81 14.8%
132Sb/132mSb 696.9 1.03 15.5%
93Sr 710.3 0.70 15.7%
145Ce 724.3 0.59 15.3%
90Rb/90mRb 831.7 1.03 15.5%
132Sb/132mSb 973.8 0.93 15.1%
94Sr 1427.7 0.62 14.5%
Fig. 1. SCALE theoretical ﬁssion product photopeak yield calculation ﬂow diagram.
Table 2
Beddingﬁeld et al. 235U ﬁssion product photopeak results [3].
Numerator Denominator rPu rU robs Uncertainty Bias WU WPu
Isotope Energy Isotope E (keV)
89Rb 1031.9 130Sb/130*Sb 839.4 0.95 2.65 2.05 2.4% 22.64% 64.65 35.35
142Ba 1000.9 4.38 9.07 10.88 6.0% 19.96% 61.51 38.49
94Y 918.8 131Sb 933.1 7.11 10.84 14.01 18.4% 29.24% 15.16 84.84
90Rb/90*Rb 831.7 130Sb/130*Sb 839.4 0.15 0.38 0.78 3.8% 105.26% 74.64 174.64
133mTe 912.7 1.32 3.04 3.85 6.8% 26.64% 52.46 47.54
J. Knowles et al. / Nuclear Instruments and Methods in Physics Research A 833 (2016) 38–4440irradiation and measurements exhibited comparable accuracy to the
work conducted by Andrews et al. (Table 5).4. Generalized method for ﬁssile mass characterization
Building upon the prior work and SCALE methodology de-
scribed previously, a generalized method to characterize ﬁssile
mass through short-lived ﬁssion product gamma spectroscopy is
being developed at HFIR. This method is generalized to be ap-
plicable to variations in ﬁssile isotopic composition and neutron
spectrum by relying on the prediction of ﬁssion product yields
upon irradiation and using their yield differences to simulta-
neously solve for original ﬁssile isotope concentration. By ex-
ploiting differences in the ﬁssion product yields for identiﬁable
short-lived ﬁssion products, the observed ﬁssion product activity
for each indicator isotope can be directly related to the parent
ﬁssile masses. Although these yields will be different for each fa-
cility (given that the characteristic yield curves will vary as afunction of the neutron spectrum), a general comparison between
235U and 239Pu ﬁssion product yields for thermal neutrons can be
seen in Fig. 2.
For this approach, ﬁssion product photopeak yields are used to
construct an overdetermined system of linear equations and solve
for each originating ﬁssile isotope mass (Eq. 3). The assumption of
a linear system can be made since individual ﬁssile isotopes will
contribute ﬁssion products proportionally to the amount of ﬂu-
ence received given short irradiation periods and minimal burnup
(i.e., it is assumed that the target ﬁssile species does not appreci-
ably deplete given the short irradiation time). This system of linear
equations uses simulated photopeak total counts (Yi) from a given
ﬁssion product per unit mass of the parent ﬁssile species, ﬁssile
parent isotope mass (mj), and measured photopeak area (Ap).
Since theoretical photopeak yields will be compared to measured
data, SCALE simulation results are used to ensure that the photo-
peak of interest is without interferences. A version of this equation
will exist for every ﬁssion product photopeak evaluated in the
spectrum, thereby creating an overdetermined system where the
ﬁssile mass can be solved for using a linear least-squares matrix
regression.
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Preliminary measurements used ORIGEN and COUPLE to in-
corporate collapsed one-group ﬁssion cross sections in determin-
ing relative ﬁssion product yields from ﬁssile parent species. Using
ORIGEN, simulated values for relative photopeak counts per unit
mass (Y) are calculated based on simulations of ﬁssion product
production from irradiation. In general, the production of ﬁssion
products created after irradiation can be represented by Eq. (4).
This equates the number of ﬁssion product atoms after irradiation
(Nfp) as a function of the collapsed one-group total ﬁssion cross
section (sf), the number of target ﬁssile atoms (N), total neutron
ﬂux (φ), irradiation time (tirr), and individual ﬁssion yield (γfy) [8].
Due to differences in neutron spectrum shape, the total one-group
ﬁssion cross section and individual ﬁssion yields are unique to
each irradiation facility. In this generalized method, this is ac-
counted for by developing the collapsed one-group cross sections
(using COUPLE), which can be applied to any facility with a known
neutron ﬂux proﬁle.
⎛
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1 e
4
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Once the ﬁssion product inventories (Nfp) are obtained from
ORIGEN simulations (Fig. 1), the relative number of photopeak
counts per unit mass (Y) can be approximated using Eq. (5). Since
Nfp can ﬂuctuate due to decay into or out of the evaluated isotope,
changes over the period of measurement are accounted for
through ORIGEN simulations. The integrated average of Nfp over
the measurement period is then used in Eq. (5). In this
Table 4
SCALE simulation and HFIR-NAA benchmark to Beddingﬁeld et al.
Numerator Denominator rPu rU robs Uncertainty Bias WU WPu
Isotope Energy Isotope E (keV)
89Rb 1031.9 130Sb/130*Sb 839.4 0.64 1.96 1.87 11.5% 4.38% 93.49 6.51
142Ba 1000.9 2.28 5.27 4.99 12.3% 5.34% 98.54 9.39
94Y 918.8 131Sb 933.1 0.20 0.37 0.36 9.5% 2.28% 78.44 4.82
90Rb/90*Rb 831.7 130Sb/130*Sb 839.4 0.41 0.62 0.59 8.8% 4.84% 95.18 14.06
133mTe 912.7 3.78 5.66 5.25 9.5% 7.14% 85.94 21.56
Table 5
SCALE simulation and HFIR-NAA benchmark to Andrews et al.
Fission Product Photopeak en-
ergy (keV)
Ratio of SCALE modeled
to measured counts
Uncertainty
140Cs 602.2 0.98 11.1%
132Sb/132mSb 696.9 1.05 4.5%
93Sr 710.3 0.88 7.2%
145Ce 724.3 0.93 4.1%
90Rb/90mRb 831.7 1.29 2.5%
132Sb/132mSb 973.8 0.98 4.2%
94Sr 1427.7 0.93 2.9%
Fig. 2. Accumulated ﬁssion yields for thermal ﬁssion of 235U and 239Pu. Data from [7].
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stant (λ), measurement time (tm), emission intensity (γi), detector
efﬁciency (ε), and a decay correction considering decay time (td).
The detector efﬁciency value is dependent on detector type, geo-
metry, attenuating material between the source and detector, and
energy of the incoming photon [8]. To achieve an accurate ap-
proximation of ﬁssion product decay during count, Eq. (5) is cal-
culated using ORIGEN decay simulations over many short time
steps. These photopeak yields can then be integrated over the
detector measurement time to approximate total photopeak
emissions during count. Once calculated, the solution to Eq. (5) can
be used in solving for original ﬁssile mass by entering photopeak
counts per unit mass into Eq. (3) for each photopeak of interest.
( )= λ γε ( )−λtY N e 5ifp m td
5. HFIR neutron activation analysis facility
The NAA laboratory at HFIR was used to conduct irradiations
and short-lived ﬁssion product measurements to investigate this
generalized method. With two pneumatic tubes (PT-1 and 2), the
NAA laboratory has access to thermal neutron ﬂuxes of about
41014 and 41013 n/cm2-s, with a thermal to epithermal ratio
of about 45 and 250, respectively (see Fig. 3). These neutron ﬂuxes
are monitored daily using activated Au and Mn diluted in alumi-
num foil. For samples containing uranium, the highly thermalized
ﬂux in these irradiation positions is advantageous for simplifying
the ﬁssile mass characterization. While neutron-induced ﬁssion is
the dominant reaction in 235U, neutron absorption dominates for
238U. This allows for a simple quantiﬁcation of 238U mass through
neutron activation analysis via 239U gamma-ray measurements (at
74 keV). In addition, the NAA laboratory contains a hot cell, fume
hoods, delayed neutron counting station, and multiple HPGe de-
tectors for sample preparation and measurement. This combina-
tion of high neutron ﬂux and nearby counting equipment allows
for rapid irradiations and measurements of trace quantities of
ﬁssile isotopes. At the NAA facility's current conﬁguration, samples
must be transferred from PT exit to HPGe counting equipment bylaboratory personnel. This limiting factor necessitates the need for
2 to 5 min of decay for minimizing radiation exposure.6. Single ﬁssile isotope characterization
Preliminary measurements conducted at the HFIR NAA la-
boratory focused on ﬁssion product isotopes after two minutes of
decay. The isotopes utilized in this analysis have large count rates
(41000 DPS) and high gamma ray energies (4550 keV), which
are advantageous for distinguishing ﬁssion products within an
activated matrix. Since the accurate measurement of isotopes is
dependent on a variety of limiting factors in the experimental
setup, an isotope selection criterion had to be applied to each
measurement. To minimize uncertainties, a ﬁssion product pho-
topeak was only evaluated if it resulted in less than 10% counting
uncertainty, assuming Poisson statistics. In addition, to avoid
spectral effects due to Compton continuum buildup, the photo-
peak was only considered if it was located above the 511 keV an-
nihilation peak [9].
A list of the selected isotopes and ratios of 235U/239Pu ﬁssion
yields (calculated in SCALE) for HFIR PT irradiations is shown in
Table 6. Since the total ﬁssion cross section ratio for 239Pu/235U for
PT-1 is approximately 1.52, the ﬁssion product yields were also
calculated with this value as a normalization factor. This difference
is due to a large epithermal resonance cross section of 239Pu and a
consistently larger thermal cross section compared to 235U. Only
the PT-1 ﬁssion yield ratio was reported for each isotope since PT-1
and PT-2 have similar neutron energy proﬁles.
For the single ﬁssile isotope characterization, uranium and
plutonium ICP-MS certiﬁed standards were irradiated in PT-1 for
Table 6
Summary of measured isotopes, corresponding photopeak energies, and ﬁssion
yield ratios.
Isotope Photopeak
energies (keV)
235U / 239Pu PT-1
ﬁssion yield
235U / 239Pu
normalized
ﬁssion yield
90Rb 831.7 0.984 1.497
90mRb 831.7 1.174 1.786
93Sr 590.2, 875.7, 888.1, 710.3 1.203 1.830
94Y 918.7, 550.9, 1671.4 0.579 0.881
94Sr 1427.7 1.548 2.355
95Y 954.0 0.661 1.006
103Tc 562.9 0.325 0.494
130Sb 839.5, 793.4 0.367 0.558
130mSb 839.5, 793.4 0.604 0.919
132Sb 973.8, 696.9, 816.6 0.705 1.073
132mSb 973.8, 696.9 1.587 2.414
134I 847.0 0.350 0.532
134mI 847.0 0.308 0.469
136I 1313.0 1.058 1.609
136mI 1313.0 0.764 1.162
138Cs 1436.0 0.792 1.205
138mCs 1436.0 0.378 0.575
140Cs 602.2 0.912 1.388
145Ce 724.3 0.188 0.286
Table 7
Isotope quantiﬁcations in single element standards.
Isotope Irradiation
Time (s)
Calculated
Mass (lg)
Uncertainty Certiﬁed
Mass (lg)
Recovery
Bias %
235U 20 0.04737 2.18% 0.04900 3.3%
235U 20 0.04731 3.16% 0.04830 2.1%
235U 20 0.03869 3.26% 0.04076 5.0%
235U 20 0.04049 3.19% 0.04219 5.4%
235U 20 0.03993 3.26% 0.04219 5.4%
239Pu 40 0.01391 2.14% 0.01386 0.3%
239Pu 40 0.01210 1.66% 0.01213 0.2%
239Pu 20 0.02971 3.56% 0.03112 4.5%
239Pu 20 0.03115 3.60% 0.03240 3.9%
239Pu 20 0.03069 3.80% 0.03227 4.9%
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Fig. 3. HFIR PT-1 and PT-2 neutron energy spectra.
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were placed 30 cm above an HPGe detector with dead time below
15%. All gamma-ray spectra were collected using Canberra GENIE-
2 K software and a Lynx 32k-channel digital signal analyzer. Over a
5-min measurement interval, short-lived ﬁssion products identi-
ﬁed in Table 6 were measured, and Eq. (3) was used to develop an
overdetermined system of equations to solve for the sample 235U
and 239Pu mass. The results of these preliminary experiments
showed recovery bias of less than 5% for masses less than 50 ng
(Table 7). The results show that ORIGEN simulations can be used to
accurately predict these ﬁssion product production rates in short
irradiations and simple counting geometries.
Following these preliminary measurements, detection limits
were evaluated with the previously described irradiation and
measurement conditions using the Currie equation. This equation,
applied to gamma-ray spectrometry, identiﬁes the 95% conﬁdence
limit for photopeak detection above the continuum counts (NB) by
considering emission intensity (γi), detector efﬁciency (ε), and
measurement time (tm) [10]. NB was determined from the con-
tinuum achieved by separate irradiations of similarly massive 235U
and 239Pu samples. This detection limit is referred to as theMinimum Detectable Activity (MDA) and was determined using
Eq. (6).
=
* +
γε ( )
MDA
4. 65 N 2. 71
t 6i
B
m
From this MDA, the collapsed one-group ﬁssion cross section
multiplied by accumulated ﬁssion yield (sfγfy) was used with ir-
radiation and measurement conditions to ﬁnd the mass of target
material required to produce the MDA. Incorporating Avogadro's
number (NA) and atomic mass of the target nuclide (MA) will cause
Eq. (7) to result in a minimum target mass for ﬁssion product
detection (LT) in nanograms. Based on the irradiation and mea-
surement conditions experienced in the single ﬁssile isotope
characterization, detection limits for all analyzed ﬁssion product
isotopes were found to be less than 1 ng.
( )( )= ϕσ − ( ) ( )−λ −λL
MDA
e 1 e N M 10 7
T t t
A A
9d irr7. 235U and 239Pu ﬁssion product indicators
Along with single ﬁssile isotopic standards, this approach can
be generalized to characterize a mixture of ﬁssile isotopes by
adding an additional mjYj term to Eq. (3). Since the binary mixture
measurement is more complex, a careful selection of photopeaks
used for analysis was conducted to guide irradiation and mea-
surement plans. This selection process involved ORIGEN
J. Knowles et al. / Nuclear Instruments and Methods in Physics Research A 833 (2016) 38–44 43simulations of PT-2 irradiations and post-processing of output in
MATLAB to simulate a hypothetical detector response over the
measurement period (Tstart to Tstop). As explained previously,
ORIGEN simulations were used to generate the expected photo-
peak counts for each ﬁssion product nuclide resulting from each
ﬁssile parent over many time intervals (Fig. 1). Using MATLAB,
these gamma-line spectra were then integrated over hypothetical
measurement periods and multiplied by efﬁciency, which gener-
ated an expected number of counts (n) at a given energy. The
outputs of this MATLAB script were the fractional standard de-
viation (s) (Eq. 8) and indicator photopeak ratio (Eqs. 9 and 10).
For this scoping study, only 235U and 239Pu were evaluated;
however this method could be modiﬁed for the assay of other
ﬁssile species, such as 233U and 241Pu.
σ= ( )
n
n 8
( )
=
9
U Indicator Photopeak Ratio
FP photopeak counts per U fission
FP photopeak counts per Pu fission
235
235
239
( )
=
10
Pu Indicator Photopeak Ratio
FP photopeak counts per Pu fission
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The ORIGEN simulations represented 60-s irradiations of 10-ng
quantities of 235U and 239Pu at the PT-2 facility with many varia-
tions of measurement intervals from 10 to 1200 s of decay. Ad-
ditionally, detector characteristics were of a p-type HPGe of 44%
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endcap. Decay times and source-to-detector distance wereFP
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Fig. 4. Graphical representation of results from FP simulations (shaded area nu-
clides detailed in Table 8).
Table 8
Detailed FP simulation results of Fig. 4 highlighted region.
Parent Fissile Isotope Tstart (s) Tstop (s) Photopeak Energy
235U 10 100 121.8
300 397.4
541.2
602.3
600 1427.7
40 600 590.2
831.7
239Pu 10 300 270.1
600 424.0
40 300 135.4
348.7
100 1200 358.0
300 1200 302.8determined in anticipation of a new system conﬁguration in the
NAA laboratory where the HPGe detector is signiﬁcantly closer to
the PT-2 system, and an experimenter does not need to remove a
sample from the system before measurement. The MATLAB script
written to evaluate these ORIGEN simulations rejected 235U and
239Pu indicators that contained photopeak ratios of less than
1.5 and also required the fractional standard deviation for the
photopeak to be less than 10.0%. Results of this study are displayed
graphically in Fig. 4. The strongest indicators for 235U and 239Pu are
labeled, and the nuclides with the lowest fractional standard de-
viations are highlighted and detailed in Table 8.8. Preliminary characterization of 235U and 239Pu mixtures
A preliminary series of irradiations and measurements were
conducted to prove that the generalized method can accurately
quantify ﬁssile isotopes within a mixture. The same uranium and
plutonium certiﬁed standard solutions were used from before, but
they were combined in solution and dried inside of a shared
polyethylene sample container. Three separate samples were
prepared containing between 229 and 628 ng of mixed ﬁssile
material. These samples were then irradiated for 60 s in PT-2 and
given 120 s of decay before a 360 s HPGe counting period. Al-
though SCALE was used to develop irradiation and counting
schemes to best optimize the characterization of a ﬁssile mixture,
a comparator method was used to treat the PT-2 spectrum as a
hypothetical “unknown”. In this set of experiments, unmixed
comparator samples were irradiated and measured under the
same conditions to obtain Yi values for use in Eq. (1). The full list of
ﬁssion product photopeaks used in this analysis is in Table 9.
Accurate determinations of 235U and 239Pu were made for all
three ﬁssile mixtures by applying the proposed method (Table 10).
Additionally, 238U was quantiﬁed simply by comparing the 239U
photopeak counts from a uranium comparator irradiation to the
239U counts after the unknown sample irradiation. These experi-
ments show potential for applying the generalized method to
additional ﬁssile mixture characterizations containing 235U, 239Pu,
and other ﬁssile isotopes. Further optimization of ﬁssion product
selection and experimental setup will be conducted in order to
reduce measurement bias, detection limits, and measurement
time. These proof of principle quantiﬁcations resulted in mass
recovery bias of less than 7% for samples that contained less than
562 ng of ﬁssile material.(keV) FP Isotope Fractional Std Dev Photopeak Ratio
90Kr 3.89% 3.62
144La 2.51% 1.53
144La 3.67% 1.92
140Cs 3.70% 1.57
94Sr 3.88% 1.72
93Sr 3.42% 1.54
90Rb 4.28% 2.49
106Tc 2.71% 4.61
84Br 3.75% 1.87
117Ag 2.95% 2.21
112Rh 3.86% 1.94
104Tc 2.26% 3.20
107Rh 3.51% 2.72
Table 9
Fission product photopeaks analyzed for binary ﬁssile
mixture.
Isotope Photopeak energies (keV)
89Rb 1031.9
90Rb 831.7
93Sr 590.2, 875.9
94Sr 1427.7
94Y 918.7
104Tc 358.0
108Rh 433.9
132Sb 973.9
136I 1313.0
140Cs 602.3
144La 397.4
145Ce 724.3
239U 74.7
Table 10
Isotope quantiﬁcations in U/Pu binary mixtures.
Sample Isotope Calculated Mass (lg) Certiﬁed Mass (lg) Bias
UPu-1 235U 0.35470.011 0.35370.002 0.28%
238U 45.8370.136 47.9970.199 4.50%
239Pu 0.06070.009 0.06170.003 0.99%
UPu-2 235U 0.09170.003 0.08670.002 5.49%
238U 12.3370.099 11.8870.199 3.79%
239Pu 0.10870.002 0.10370.003 4.46%
UPu-3 235U 0.45370.013 0.46970.002 3.41%
238U 60.8770.165 63.7270.199 4.47%
239Pu 0.11270.010 0.11970.003 5.88%
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Through development of a generalized method, research at
HFIR has shown that short-lived ﬁssion product gamma-ray
measurements can be used to characterize ﬁssile nuclide mixtures.
Additionally, the two HFIR irradiation positions used for these
experiments show that the proposed method is applicable to
variations in neutron spectra. Although comparator methods are
often appropriate for neutron sources with an unknown ﬂux
proﬁle, a standardized method for determining a 238-group neu-
tron ﬂux from irradiation of metal foils is currently being devel-
oped for the 1-group cross section collapse used to determine
product photopeak emission rates (Eqs. 3 to 5).
Measurements varied between 12 to 562 ng of ﬁssile mass, but
detection limits are expected to be approximately 1 ng of ﬁssile
mass. Experimentation to determine detection limits in mixtures
of different ﬁssile nuclides and matrices are yet to be completed.
Due to sample handling requirements, there was no capability to
characterize samples with less than two minutes of decay,although alterations to the currently installed measurement sys-
tem are currently being made to reduce this decay period and
allow for more signatures to be collected. Additionally, the cou-
pling of Delayed Neutron Activation Analysis as an orthogonal total
ﬁssile mass measurement is currently being investigated. It is
anticipated that this form of nondestructive ﬁssile mass char-
acterization will be of interest for nuclear forensics and safeguards
measurements containing trace amounts of ﬁssile material. To
serve a broader application for these purposes, more complex
sample matrices, additional ﬁssile nuclides, and variations in the
neutron source will be incorporated in future experimentation.Acknowledgments
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